In light of the proposed space segment of Europe's future CO 2 monitoring system, we investigate the spectral resolution of the CO 2 spectrometer, which measures Earthshine radiance in the three relevant spectral bands at 0.76, 1.61 and 2.06 µm. The Orbiting Carbon Observatory-2 (OCO-2) mission covers these bands with fine spectral resolution but limited spatial coverage, which hampers the monitoring of localized anthropogenic CO 2 emission. The future European CO 2 monitoring constellation, 5 currently undergoing feasibility studies at the European Space Agency (ESA), is targeting a moderate spectral resolution of 0.1, 0.3 and 0.3-0.55 nm in the three spectral bands with high signal-to-noise (SNR) ratio. This spectral and radiometric sizing is deemed to be favorable for large-swath imaging of point-sources of CO 2 emission. To assess this choice, we use real and synthetic OCO-2 satellite observations, which we spectrally degrade to the envisaged lower spectral resolution. We evaluate the corresponding CO 2 retrieval accuracy by taking the Total Carbon Column Observing Network (TCCON) observations as 10 reference. Here, a lower spectral resolution enhances the scatter error of the retrieved CO 2 column mixing ratio (XCO 2 ) but has little effect on the station-to-station variation of the biases. We show that the scatter error gradually increases when decreasing spectral resolution. Part of the scatter error increase can be attributed to the retrieval noise error which can be compensated by a future instrument with improved SNR. Moreover, we consider the effect of the reduced spectral resolution on the capability to capture regional XCO 2 variations and XCO 2 plumes from selected OCO-2 orbits. The investigation using measurements from 15 the Greenhouse gases Observing SATellite (GOSAT) and synthetic measurements confirms our finding and indicates that one major source of uncertainties regarding CO 2 retrieval is the insufficient information on aerosol properties that can be inferred from the observations. We hence recommend the implementation of simultaneous, co-located measurements that have larger information content on aerosols with an auxiliary instrument in the future European observing system. Japanese Experiment Module-Exposed Facility on board the International Space Station (Eldering et al., 2019) . As a successor of this series of dedicated greenhouse gas mission, CNES aspire to launch the MicroCarb satellite in the year 2021 (V. Pascal, 2017). Table 1 includes the spectral and spatial properties of GOSAT, OCO-2 and CarbonSat satellite instruments, observing the Earth-reflected sunlight in the oxygen (O 2 ) A-band around 0.765 µm, the weak CO 2 absorption band around 1.61 µm and the strong CO 2 absorption band around 2.06 µm. Among those instruments, the CarbonSat concept has the largest swath with 45 good spatial resolution but with significantly reduced spectral resolution compared to GOSAT and OCO-2. At the same time, the CarbonSat sizing concept would offer a much higher signal-to-noise ratio and broader spectral bandwidth. These properties were chosen to enable simultaneous measurement of CH 4 in the 1.61 µm band (1.590-1.675µm), and include an additional CO 2 band (1.990-2.035 µm). The selected moderate spectral resolution is expected to reduce the sensitivity to instrument errors, e.g. distortions of the instrument spectral response function (ISRF) and detector non-linearity. It also enables the use 50 of low-order diffraction grating technologies with high efficiencies and low straylight (Sierk et al., 2016). On the other hand the design introduces the risk of XCO 2 errors due to spectral interference with other absorbers and enhanced aerosol induced errors. To evaluate this risk Galli et al. (2014) analyzed a spectral degradation of GOSAT observations and the induced error on XCO 2 . c Author(s) 2019. CC BY 4.0 License. Data availability. The OCO-2 L1b data (version 8) were provided by the OCO-2 project from the data archive at the NASA Goddard Earth Science Data and Information Services Center (https://daac.gsfc.nasa.gov/). TCCON data were obtained from the TCCON Data Archive J.: A remote sensing technique for global monitoring of power plant CO2 emissions from space and related applications, Atmospheric Measurement Techniques, 3, 781-811, https://doi.org/10.5194/amt-3-781-Atmospheric methane and carbon dioxide from SCIAMACHY satellite data: initial comparison with 360 chemistry and transport models, Atmospheric Chemistry and Physics, 5, 941-962, https://doi.Carbon Monitoring Satellite (CarbonSat): assessment of atmospheric CO2 and CH4 retrieval errors by error parameterization, Atmospheric Measurement Techniques, 6, 3477-3500, https://doi.
Introduction
The atmospheric concentration of the most important anthropogenic greenhouse gas carbon dioxide (CO 2 ), is increasing rapidly due to fossil fuel combustion and changes in land use with serious environmental consequences such as global temperature rise, ocean acidification and an increase in extreme weather events (Cox et al., 2000; Caldeira and Wickett, 2003) . At the same time, our knowledge about sources and sinks of CO 2 is still limited. Here, satellite observations of the column-averaged dry-air mole 25 fraction of CO 2 (XCO 2 ) gives both scientists and policy-makers a powerful tool to develop and evaluate mitigation strategy in the face of future climate change. To derive CO 2 hot spot emissions and the strength of regional CO 2 sources and sinks, XCO 2 satellite observations are needed with unprecedented precision and accuracy, good spatial coverage, and high spatial resolution. For anthropogenic CO 2 monitoring, Ciais et al. (2015) and Crisp et al. (2018) listed the main driving requirements as a XCO 2 precision ≤ 0.7 ppm and systematic error ≤ 0.5 ppm with a spatial resolution of 4 km 2 and a swath of > 200 km 30 with a coverage requirement of 2-3 days. Here the high accuracy and precision are needed because even the largest CO 2 surface sources and sinks produce only small changes in the atmospheric XCO 2 .
The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) on-board ENVISAT (March 2002 -April 2012 is the pioneering passive remote sensing spectrometer which can measure atmosphere CO 2 and CH 4 columns down to the Earth surface (Buchwitz et al., 2005) . Currently, the Greenhouse Gases Observing Satellite (GOSAT, 35 Yokota et al. (2009); Kuze et al. (2016) ) and the Orbiting Carbon Observatory-2 (OCO-2, Crisp et al. (2017) ) missions are in orbit, dedicated to observing XCO 2 from space. Additionally, the Carbon Monitoring Satellite (CarbonSat, Bovensmann et al. (2010) ; Buchwitz et al. (2013) ) was proposed to the European Space Agency (ESA) with the objective to advance our knowledge on the natural and man-made sources and sinks of CO 2 from regional and country down to local scales, but was not selected for mission implementation. Recently, NASA's OCO-3 instrument was launched and mounted successfully on the Proceeding from the CarbonSat proposal and the Paris Agreement, which was signed in 2015 by 195 countries agreeing to combat climate change and to accelerate and intensify the actions for a sustainable low carbon future, the European Commission gave ESA the mandate to investigate the implementation of a satellite mission monitoring anthropogenic CO 2 emissions. To meet the mission objectives, a careful trade-off has to be made between different requirements. With the successful launch of OCO-2 and the application of several algorithms to infer XCO 2 from the observations (Boesch et al., 2011; O'Dell et al., 2012; Wu et al., 2018) , we have, next to GOSAT, an additional data set at hand to verify the impact of a reduced spectral resolution 60 on XCO 2 retrieval. In particular, applying the same degradation approach to both GOSAT and OCO-2 observations may help to identify instrument specific aspects of the induced errors due to a reduced spectral resolution.
In this study, we investigated the retrieval performance of OCO-2 observations degraded to different spectral resolutions building upon the work by Galli et al. (2014) . We evaluate the XCO 2 retrieval accuracy and precision using both OCO-2 measurements and produce spectra with the reduced spectral resolution and the sampling ratio as listed in Table 1 , which in 65 the remainder of the study will be referred to as the moderate spectral resolution (MSR) concepts. Due to the coarser spectral resolution and sampling for the MSR concepts, the SNR performances enhances in the corresponding spectral bands. We first investigate the impact of reduced spectral resolution with simulated OCO-2 and MSR type measurements for a global ensemble. For satelite observations, the differences between retrieved XCO 2 and collocated ground based observations from the Total Carbon Column Observing Network (TCCON) are used to estimate the retrieval uncertainty. We also compare XCO 2 70 retrievals over Europe, the Middle East and Africa (EMEA) regions and selected orbits with hot-spots as reported by Nassar et al. (2017) using both OCO-2 and MSR type measurements. A correspsonding analysis is done for GOSAT observations to relate our analysis to the previous work done by Galli et al. (2014) .
The paper is organized as follows: Section 2 describes our approach to lower the spectral resolution of observed OCO-2 or GOSAT spectra and introduces the XCO 2 retrieval algorithm RemoTeC and its particular settings for this study. Section 3 75 summarizes the satellite observations and validation data used in the study and Section 4 evaluates the OCO-2 and GOSAT XCO 2 retrievals for the original and reduced spectral resolutions using collocated TCCON data. Here, the impact of a reduced spectral resolutions on XCO 2 retrievals is further investigated over EMEA regions and selected OCO-2 orbits with hot-spots.
Finally, section 5 concludes the paper with recommendations for a future European CO 2 monitoring mission. 
Retrieval method and setting up
To retrieve CO 2 columns from space-borne Earth-shine radiance observations in the 0.76, 1.61 and 2.06 µm spectral ranges with different spectral resolutions, we use the RemoTeC full-physics retrieval algorithm (Hasekamp and Butz, 2008) , which was first applied for GOSAT measurements and later extensively used for greenhouse gas retrievals of different missions including GOSAT, OCO-2 and Sentinel-5P (Butz et al., 2009; Schepers et al., 2012; Guerlet et al., 2013; Hu et al., 2016; Wu et al., 2018; 85 Hu et al., 2018) . The algorithm employs an iterative inverse scheme combined with an efficient forward radiative transfer model developed by Landgraf et al. (2001) ; Hasekamp and Landgraf (2005) ; Hasekamp and Butz (2008) ; Schepers et al. (2014) . For a given model atmosphere, the forward model simulates the intensity vector field, including its Stokes parameter Q and U on a line-by-line spectral sampling, and its derivatives with respect to both the amount of all relevant trace gases and the optical properties of spherical aerosols in different layers of the model atmosphere. Moreover, RemoTeC infers state parameters of 90 the atmosphere by minimizing the difference between forward model and satellite observations. Due to the different spectral coverage of the 1.61 µm band and corresponding sensitivities, for GOSAT measurements 12-layer profiles of CO 2 and CH 4 partial column are retrieved whereas for OCO-2 measurements we only infer the corresponding CO 2 profile. Apart from that, the algorithm setup is the same for both missions, which infers additionally: H 2 O total column, surface properties, spectral shifts, intensity offsets and aerosol optical properties. To describe the size distribution of the atmospheric aerosol, RemoTeC 95 uses a power-law size distribution (n(r) ∝ r −α with the particle radius r and retrieves the size parameter α and total amount of aerosol particles N . For the aerosol height distribution, we assume a Gaussian profile with a full-width-half-maximum of 2 km and retrieve its center height h aer . For this study, we consider only satellite observations over land, where we assume a Lambertian surface reflection model with describing the inter-band spectral dependence of the surface albedo as a second order polynomial.
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In terms of spectral calibration, we adjust spectral shifts for both the Earth radiance measurement and solar reference model in each spectral band while an intensity offset is only fitted in the 0.76 µm band for both GOSAT and OCO-2 spectra. These RemoTeC retrieval settings were also used in GOSAT retrievals by Butz et al. (2011); Schepers et al. (2012) ; Guerlet et al. (2013); Buchwitz et al. (2017) . It should be noted that in the recent study by Wu et al. (2018) we found that retrieving an intensity offset in all three OCO-2 bands significantly improves the accuracy of the data product. In this study, however, we 105 use the same retrieval settings for both GOSAT and OCO-2 data for the following reasons: 1. A consistent retrieval setting can help to identify the origin of the product uncertainties. Assuming that the error analysis differs significantly for two satellite missions, it seems likely to be an instrument specific issue rather than due to the algorithm itself;
2. It turns out to be difficult to fit an intensity offset in the 2.06 µm band for spectra with a coarse spectral resolution of 110 0.55 nm;
3. The primary target of the study is to understand the impact of a reduced spectral resolution and so the relative change of retrieval performances with spectral resolution is the main focus of this study.
To account for line mixing as well as collision-induced absorption of O 2 and CO 2 we employ the spectroscopic model by Tran and Hartmann (2008) . The molecular absorption database HITRAN 2008 is used for CH 4 and H 2 O considering 115 the Voigt line shape model. The algorithm also requires auxiliary information on vertical profiles of pressure, temperature and humidity, and surface wind speed, which are adapted from the European Centre for Medium Range Weather Forecasts (ECMWF). Surface elevation information is taken from the 90-meter digital elevation data of NASA's Shuttle Radar Topography Mission (Farr et al., 2007) . Prior information on CO 2 and CH 4 profiles are interpolated from CarbonTracker and the TM5 model for the years 2013 and 2010 (Peters et al., 2007; Houweling et al., 2014) , while prior information of the surface albedo 120 is estimated from the mean radiance of the observation. Aerosol priors are the same for all retrievals.
the O 2 column inferred from the O 2 A-band with a non-scattering atmosphere and the corresponding column derived from the ECMWF surface pressure can be used for cloud filtering. Additionally, we reject spectra with low signal-to-noise ratio, extreme viewing geometry, cirrus contamination and high aerosol load to avoid large retrieval errors. The applied quality filtering variables and corresponding ranges are listed in Table 2 . The data screening is described in more detail by Detmers and Hasekamp (2015) and Wu et al. (2018) for the GOSAT and OCO-2 retrievals, respectively, where for OCO-2 the data 130 screening does not rely on the intensity offsets in the 1.61 and 2.06 µm bands because it is not retrieved from the measurement in the context of this study.
Degradation of spectral resolution
To simulate a spectral measurement I obs from a top-of-atmosphere line-by-line spectrum I rad we apply the convolution
where H i (λ i − λ) is the instrument spectral response function (ISRF) of a spectrometer at central wavelength λ i . The spectral resolution of the spectrometer is characterized by the full width at half maximum (FWHM) of the ISRF. This equation holds both for the spectra recorded by OCO-2 and GOSAT and for the spectra degraded in spectral resolution but with different ISRFs. To estimate the ISRF H deg i of a degraded spectral resolution, we convolve the original GOSAT and OCO-2 ISRF H i 140 with a Gaussian function g,
with
Where α is the full width at the half maximum of the Gaussian and A is a normalization factor. From Eqs. 1 and 3, we can 145 derive the spectra of reduced resolution from original GOSAT and OCO-2 observations by
The corresponding error covariance S deg y , which describes the measurement uncertainties of the target spectrometer, can be deduced from the original error covariance matrix S y by 150 S y = gS y g T .
Obviously, the degraded spectra need to be sampled according to the spectrometer's sampling ratio. For the MSR spectral sizing points in Table 1 , the sampling ratios are 3.1, 3.1 and 3.29 at the 0.76 µm, 1.61 µm and 2.06 µm bands, respectively. This approach allows us to degrade high spectral resolution measurements to lower resolution measurements using the specification of the target instrument with the exception of the noise performance, which is adapted from the original GOSAT or OCO-2 155 spectrometer. Similarly, the forward model employs the same convolution in Eq. 5 before comparing the simulation with the degraded spectra. Thus both the satellite measurements and the forward model simulation as part of the retrieval are adapted accordingly. Figure 1 shows an example of ISRF and spectra of OCO-2 in the 2.06 µm band degraded to a spectral resolution of 0.55 nm using a Gaussian g with a FWHM of α = 0.530 nm. Analogously, we generated spectra with a resolution of 0.10 and 0.30 nm 160 in the two other spectral bands as listed in Table 1 with α = 0.093 and 0.294, respectively.
With these modifications, we aim to evaluate the spectral sizing of ESA's concept for a CO 2 monitoring mission (CO 2 M).
In this study, we investigate retrieval performance of MSR type instrument under spectral resolutions of 0.097, 0.15, 0.30 and 0.55 nm for the 2.06 µm band while recently a spectral resolution of 0.35 nm was specified for the CO 2 M mission. It should be noted that, for a real MSR type instrument, the signal-to-noise (SNR) will be much higher than that of a degraded GOSAT or 165 OCO-2 spectrum. Another limitation of using OCO-2 measurements, apart from adapting its SNR, is that the generated MSR type measurements are limited to the instrument's spectral range, which differs from the CO 2 M mission. Retrieval results here are therefore not expected to be representative for the CO 2 M mission adopting an MSR sizing approach.
Data
For our study, we considered OCO-2 observations only over land in the period from September 2014 to October 2017, which 170 are spatio-temporally collocated within 3 × 3 degrees longitude-latitude and within 2 hours with XCO 2 ground-based observations of the TCCON network. Here, we use OCO-2 version 8 L1b data and obtained about 463, 000 collocated soundings.
Analogously, we proceeded with GOSAT land observations (L1b version V201) for the years 2009-2016 using only 'highgain' measurements of the instrument. Given the sparse spatial sampling of GOSAT, we employed a coarse spatial collocation criteria within 5 degrees latitude-longitude which results in 270, 000 individual observations collocated with observations from 175 10 different TCCON stations. As part of the processing chain, the data were filtered further with respect to latitudinal position, impact from regional CO 2 sources and terrain roughness. For both data sets, we retrieved the column densities of CO 2 and in the case of GOSAT also CH 4 using the RemoTeC algorithm for measurements at their original resolutions. Subsequently, we reduced the spectral resolution to that of the MSR spectral sizing point of Table 1 assuming a fixed sampling ratio, as described in the previous section, and repeated the retrieval. To better understand the impact of the spectral resolution on CO 2 retrieval In order not to be affected by unknown instrument related issues such as spectrometer stray light, we generated simulated 185 spectra for a global ensemble as described by Butz et al. (2009) . The ensemble comprises 11, 036 spectra and is designed to estimate retrieval errors induced by aerosol and cirrus for four typical days representing four seasons (Butz et al., 2012) . In the ensemble, the description of aerosol and cirrus is much more complex than in the retrieval and so the assessment of the induced XCO 2 retrieval error can be used to estimate the scattering induced error for different spectral resolutions of the measurement.
More details on the ensemble can be found in Butz et al. (2009 Butz et al. ( , 2012 ; Hu et al. (2016) .
4 Results
To start off our analysis, we would like to emphasize that in this work no bias correction is applied to the data. The differences between the XCO 2 retrieval product and the TCCON observations are summarized per station by the mean bias b and the corresponding single sounding accuracy σ defined by the root-mean-square deviation. To estimate the retrieval error caused by measurement noise, we use the mean of retrieval noise, which is obtained through linear error propagation in the retrieval.
195
Additionally, we estimate the station-to-station variability σ s as the standard deviation of the mean biases among all TCCON sites to estimate the data product accuracy on regional scales, which is crucial for regional flux inversion.
OCO-2 synthetic spectra
First, we studied the XCO 2 retrieval error for synthetic spectra calculated for the OCO-2 spectral ranges and resolutions and for the MSR-d type spectra derived from simulated OCO-2 measurements according to Section 2. The reported XCO 2 retrieval 200 error is induced by the limited aerosol information that can be inferred from the measurement and the different sensitivity to the assumed measurement noise, which is on the level of the OCO-2 instrument (Mandrake et al., 2015) . Any systematic error due to e.g. erroneous molecular spectroscopy or instrument calibration errors is not addressed here.
For performance evaluation, we considered the global ensemble as described in Section 3 without cirrus contamination and performed three different retrieval analyses: test-3 Same radiometric offset as above but including a radiometric offset fit. improved SNR performance.
OCO-2 TCCON validation
Due to the spatial sampling approach of the OCO-2 instrument with a continuous sampling in flight direction and with eight cross-track samplings, we typically obtain several collocations of OCO-2 measurements with TCCON observations for our collocation criteria. To evaluate the data quality, we consider overpass-averages both for the OCO-2 and TCCON XCO 2 data.
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This averaging helps to reduce the impact of random and representation errors in our comparison, where we assume that the latter shows a pseudo-random error pattern.
For OCO-2 around 386, 600 of the retrievals converged and 313, 500 finally passed the a posteriori quality filtering and are classified as 'good' quality data. Here, the overall data yield is similar to that reported by Wu et al. (2018) . The OCO-2 retrievals have a global bias of −2.50 ppm, an averaged single sounding precision of σ a = 1.37 ppm, a mean retrieval noise of 230 0.25 ppm and a station-to-station variability of σ s = 0.56 ppm.
We first degraded the spectral resolution of the 0.76 µm band and 1.61 µm band but used the original measurements of 2.06 µm band (MSR-a). Subsequently, we gradually degraded the spectral resolution in the 2.06 µm band as described for the spectral sizing points MSR-b, MSR-c and MSR-d. We applied the same RemoTeC algorithm settings and similar quality filtering options as above. The filtering is adjusted to guarantee that the percentage of good quality retrievals in all four MSR 235 type retrievals are around 67% as for the original OCO-2 data, although the number of overpasses per station can still differ for the different spectral sizing points. product has a large negative global bias of −6.97 ppm, which is subtracted in the plot. The variation of biases between 16 240 different stations is depicted in Fig. 3 while the station-to-station variability σ s is more-or-less the same as OCO-2 retrievals.
To better understand these results and in particular the increase of the global bias, Table 4 summarizes the XCO 2 retrieval performance for OCO-2 and all MSR type measurements, i.e. also the MSR-a, MSR-b and MSR-c spectral sizing points.
Here the overall data yield is very similar for the different data sets although differences may occur due to different algorithm convergence. Therefore, we also analyzed the results for the subset of identical data points, shown in Table 5 . From MSR-a type retrievals, we see that degrading the 0.76 µm band and 1.61 µm band has limited impact on the XCO 2 retrieval performance. For both selection approaches, lowering the spectral resolution in the 2.06 µm band causes an increase in single sounding precision, mean retrieval noise and mean bias, where the station-to-station variability shows little sensitivity to the different resolutions. Part of the scatter error can be attributed to retrieval noise, which is also gradually increased when lowering the spectral resolution. This part of the uncertainty will be reduced by an instrument with better SNR, which is the 250 advantage of the MSR-type instruments.
The discrepancy in the mean bias could be for a large part due to intensity offset in the 2.06 µm band of OCO-2. As shown in Tables 4 and 5, the global mean bias increases greatly only when we degrade the 2.06 µm band. As reported by Wu et al. (2018) , fitting additive intensity offsets to the two CO 2 absorption bands can improve both the accuracy and the single sounding precision of the XCO 2 retrieval. The fitted intensity offsets are also highly correlated (r > 0.70) with the mean signal in each 255 band. This may hint at a stray light related radiometric error. Not fitting such an intensity offset reduces the depth of telluric absorption lines with respect to the continuum and so leads to an underestimation of the CO 2 column. The sensitivity to this radiometric error seems higher for low resolution spectra.
OCO-2 hot spot and regional gradient detection
One of the main objectives of the European CO 2 monitoring mission is to capture CO 2 variations from regional to local scales.
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In this section, we evaluate to what extent this capability is affected by a reduced spectral resolution of the MSR-c spectral sizing concept. To this end we use OCO-2 observations from the period 8 September to 31 October, 2014, and compare the OCO-2 and the spectrally degraded MSR-c retrievals over Europe, the Middle East and Africa and for two individual orbits with XCO 2 hot spots as presented by Nassar et al. (2017) . Figure 5 shows the OCO-2 and MSR-c XCO 2 product over the EMEA region, which include in total around 330, 000 265 individual data points. Here, we corrected both data sets with the corresponding mean bias of -2.50 and -6.03 ppm from investigate to what extent this capability is affected by the spectral degradation of the MSR-c spectral sizing point. Figure 6 shows two orbits with XCO 2 emission plumes from the Sasan power plant in India and Ghent Generation station in Kentucky, US, as captured by OCO-2 and MSR-c type measurements. In both cases, the XCO 2 enhancement around power plants can be 275 well captured by both the original OCO-2 and the MSR-c spectral sizing. Plume emissions depend on the XCO 2 enhancement with respect to background. In OCO-2 retrievals, the XCO 2 enhancements are about 7 ppm and 5 ppm around the Sasan and Ghent station, respectively. Compared to OCO-2 retrievals, MSR-c retrievals indicate an increased XCO 2 enhancement of about 1.5 ppm for both plume events. Since the estimated emission depends linearly on XCO 2 enhancement, the estimate of the spectrally degraded measurements of the MSR-c concept is about 20% to 30% higher than that from OCO-2 retrievals.
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An important property of satellite observations in the shortwave infrared spectral range is the sensitivity to the total amount of CO 2 including the tropospheric boundary layer, which provides the key information to characterize CO 2 sources and sinks.
The column averaging kernel describes this sensitivity showing the derivative of the retrieved XCO 2 with respect to changes in the CO 2 subcolumns as a function of height. It depends on the measurement error covariance, the regularization strength and the Jacobian matrix and is discussed in more detail by Butz et al. (2012) . Figure 4 compares the averaging kernels for the 285 different instrument concepts and shows that for all resolutions the retrieved XCO 2 product shows a stronger CO 2 sensitivity in the troposphere than in the stratosphere. Here the MSR-c retrievals have an increasing sensitivity down to the surface but a reduced sensitivity to stratospheric CO 2 while for OCO-2 the sensitivity stays more or less constant near the ground. This could be due to the fact that we have reduced sensitivity to pressure-dependent line-broadening effects under coarse spectral resolutions since we do not resolve individual CO 2 lines. 
Study using GOSAT spectra
Finally, to compare our findings with independent GOSAT retrievals, we use, analogously to Galli et al. (2014) , 270,000
GOSAT-TCCON collocations, where about 250, 000 successful retrievals pass the a posteriori quality filtering and are classified as 'good' quality retrievals. Although methane columns are retrieved simultaneously as in previous studies, we will focus here on the XCO 2 retrievals only. The difference with TCCON measurements at 10 sites shows an overall mean bias of b = −2.28 295 ppm, a single sounding accuracy of σ a = 2.01 ppm, a mean retrieval noise of 0.62 ppm and a station-to-station variability of σ s = 0.42 ppm. Compared with OCO-2 retrievals, GOSAT retrievals have similar mean bias but increased scatter and retrieval noise which is probably due to a higher noise level.
Using the approach of section 2.2, we convert GOSAT measurements to MSR-d measurements and repeat the full-physics retrieval and quality filtering. Figure 7 summarizes the MSR XCO 2 retrieval quality and number of observations per station.
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Almost the same number of observations converge and pass the quality filtering as for the original GOSAT retrievals. Figure 8 shows the variation of the bias and standard deviation among all 10 TCCON stations. Compared to the GOSAT retrievals, the global bias of the MSR retrieval decreases by 0.31 ppm while the station-to-station variability values increase slightly by 0.10 ppm. The mean retrieval noise increased to 1.22 ppm which is not shown in the figure. The reduced spectral resolution affects mainly the single sounding precision of XCO 2 , which rises on average by 0.86 ppm and is exhibited at all TCCON stations.
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This is in agreement with the finding by Galli et al. (2014) and with the results from simulated measurements.
The increase in the scatter of the errors for low resolution spectra was already found for the simulated measurement ensemble and is in agreement with the OCO-2 findings of Section 4.2. In contrast to the OCO-2 analysis, we see for GOSAT data that the lower resolution has only a minor impact on the global mean bias. In turn, this suggests that the origin of this bias is not due to the interference of molecular spectroscopy but is most likely due to an OCO-2 specific feature, which did not occur in 310 the corresponding GOSAT analysis.
We investigated the impact of spectral resolution on XCO 2 retrieval accuracy with current on-orbit satellite observations and synthetic measurements. From the study with GOSAT, OCO-2 and synthetic measurements, we conclude that the lower resolution of 0.1, 0.3 and 0.3-0.55 nm in the 0.76, 1.61 and 2.06 µm spectral bands mainly induces a larger scatter in the XCO 2 315 retrieval error, where the scatter gradually increases with lower spectral resolution. Part of the scatter error increase can be attributed to measurement noise, which can be reduced by MSR-type instruments with improved SNR. Both for GOSAT and OCO-2 measurements, the station-to-station variability is largely insensitive to a coarser spectral resolution. For GOSAT, the global XCO 2 bias differs little for the different spectral resolutions. This is not the case for OCO-2 measurements, which show a significant increase in the mean bias for decreasing spectral resolution. Most likely this increase is due to instrument related 320 errors such as a radiance offset in the different bands. The analysis for synthetic measurements confirms that single sounding precision decreases for low resolution and the presence of intensity offsets in the different bands can bring a large bias when not fitted. Finally, it should be noted that large part of uncertainty in XCO 2 retrievals from OCO-2, GOSAT or synthetic measurements still comes from pseudo-noise contribution of aerosols.
The XCO 2 enhancements due to localized hot spot emissions can be well captured by both spectral sizing concepts, the orig-325 inal OCO-2 measurements and the spectrally degraded measurements with about 20-30% difference in the estimated emission rate, as demonstrated for two XCO 2 plume events. Moreover, we found that the regional variation of XCO 2 in OCO-2 observations over Europe, Middle East and Africa is observed by both concepts with similar quality, where data of both retrievals were highly correlated with a correlation coefficient of 0.8 and a standard deviation of the differences of 1.23 ppm.
Currently, the European Commission (EC) and the European Space Agency (ESA) are considering a Copernicus CO 2 Mon-
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itoring system for monitoring anthropogenic CO 2 emissions using a spectrometer with moderate spectral resolution similar to the assumptions made in this study (Sierk et al., 2018) . Aided by a dedicated multi-angle polarimeter (MAP), the system aims at providing XCO 2 products with a spatial resolution of 4 km 2 (over a > 200 km swath) with a single sounding accuracy better than 0.7 ppm and a systematic error less than 0.5 ppm. From our study, we see that the reduced resolution of OCO-2 and GOSAT measurements mainly reduce XCO 2 precision and have little effect on the station-to-station variability (the systematic 335 error). Since a substantial contribution of the XCO 2 error from OCO-2, GOSAT and synthetic measurements comes from insufficient knowledge about the atmospheric light path, the XCO 2 retrieval accuracy will benefit greatly from the measurements of the MAP aerosol instrument, which will well characterize aerosol contributions in the CO 2 absorption bands. Moreover, the increased scatter of the XCO 2 data will be mitigated by the targeted higher SNR performance of the CO 2 spectrometer.
This study is focused on the effect of a reduced spectral resolution on retrieval precision and accuracy using OCO-2 and 340 GOSAT observation. It supports the spectral sizing of the future Copernicus mission but can not address the effects of enhanced SNR and broader spectral range in the 2.06 µm band, as targeted by the future CO 2 monitoring system. The study focus on the use of OCO-2 data with its specific radiometric performance, which thus do not fully cover the spectral range of the CO 2 M mission. SNR requirements for the Copernicus candidate mission have been derived to meet the targeted single-sounding precision, taking into account the selected spectral resolution (Sierk et al., 2018) . We subtracted a global bias of b = −6.97 ppm. L a u d e r , N e w Z e a la n d W o ll o n g o n g , A u s t r a li a D a r w in , A u s t r a li a S a g a , Ja p a n D r y d e n , U S A T s u k u b a , Ja p a n A n m y e o n d o , K o r e a L a m o n t , O K ( U S A ) R ik u b e t s u , Ja p a n P a r k F a ll s , W I ( U S A ) O r le a n s , F r a n c e P a r is , F r a n c e K a r ls r u h e , G e r m a n y B r e m e n , G e r m a n y B ia ly s t o k , P o la n d S o d a n k y la , F in la n d OCO-2 s = 0.56 ppm MSR-d type s = 0.56 ppm L a u d e r , N e w Z e a la n d W o ll o n g o n g , A u s t r a li a D a r w in , A u s t r a li a S a g a , Ja p a n D r y d e n , U S A T s u k u b a , Ja p a n A n m y e o n d o , K o r e a L a m o n t , O K ( U S A ) R ik u b e t s u , Ja p a n P a r k F a ll s , W I ( U S A ) O r le a n s , F r a n c e P a r is , F r a n c e K a r ls r u h e , G e r m a n y B r e m e n , G e r m a n y B ia ly s t o k , P o la n d S o d a n k y la , F in la n d Table 4 is subtracted. In the right most panel, we include latitude variation of XCO2 averaged over longitude. 
